The exact pathway whereby the initial catabolism of the adenine nucleotides proceeds from AMP and the possibility of a recycling of adenosine were investigated in human erythrocytes. Adenine nucleotide catabolism, reflected by the production of hypoxanthine, is very slow under physiologic conditions and can be greatly increased by suppression of glucose or alkalinization of the medium. Experiments with inhibitors of adenosine deaminase and adenosine kinase demonstrated that under physiologic conditions the initial catabolism of AMP proceeds by way of a deamination of AMP, followed by dephosphorylation of inosine monophosphate, and that no recycling occurs between AMP and adenosine. Under glucose deprivation, -75% of the 20-fold increase of the catabolism of the adenine nucleotides proceeded by way of a dephosphorylation of AMP followed by deamination of adenosine, and a small recycling of this nucleoside could be evidenced. Inhibition of adenosine transport showed that the dephosphorylation of AMP occurred intracellularly. When the incubation medium was alkalinized in the presence of glucose, the 15-fold increase in the conversion of AMP to hypoxanthine proceeded exclusively by way of AMP deaminase but a small recycling of adenosine could also be evidenced. The threefold elevation of intraerythrocytic inorganic phosphate (PI) during glucose deprivation and its 50% decrease during alkalinization as well as experiments in which extracellular P1 was modified, indicate that the dephosphorylation of red blood cell AMP is mainly responsive to variations of AMP, whereas its deamination is more sensitive to Pi.
Introduction
The catabolism ofthe adenine nucleotides proceeds from AMP, which is maintained in equilibrium with ATP and ADP by adenylate kinase. As shown in the schematic diagram in Fig. 1 , the initial two reactions ofthis catabolism, i.e., deamination and dephosphorylation, can theoretically occur via two enzyme sequences that both lead to the formation of inosine: on the righthand side of the scheme, deamination by AMP deaminase is followed by dephosphorylation by 5'-nucleotidase, whereas in the left-hand pathway prior dephosphorylation by the 5'-nucleotidase is followed by deamination by adenosine deaminase. The route involving initial dephosphorylation can be interrupted at the level of adenosine which can be reconverted to AMP by adenosine kinase (step 5 in Fig. 1 ). This results in a substrate cycle between AMP and adenosine, the operation of which has been well documented in the liver (1) . The inosine formed is finally split by phosphorolysis into ribose 1-phosphate and hypoxanthine, which in most human tissues, including erythrocytes, constitutes the terminal product of the pathway, as significant amounts of xanthine oxidase, which catalyzes the formation of uric acid, are only found in liver and small intestinal mucosa (2) .
The conservation of the adenine nucleotide pool requires a strict control of both degradative pathways. This can be achieved by a limitation ofthe activity ofthe two AMP-degrading enzymes and by recovery of adenosine through adenosine kinase. The mechanisms that keep the catabolism of erythrocytic AMP to a minimum under physiologic conditions have not been completely unraveled. Inhibition of red cell AMP deaminase by inorganic phosphate (Pi)' and 2,3-bisphosphoglycerate (2, has been reported (3) (4) (5) (6) , but the control ofthe dephosphorylation of inosine monophosphate (IMP) and AMP remains unexplored because of the lack of knowledge concerning the enzyme(s) catalyzing this process. Indeed, although lysates of human erythrocytes have been shown to dephosphorylate pyrimidine 5'-nucleotides, no activity has been observed with purine 5'-nucleotides (7, 8) .
Little is known also concerning the respective participation of the two enzyme sequences shown in Fig. 1 in the catabolism of adenine nucleotides and the occurrence of recycling of adenosine in erythrocytes. These questions can be addressed with inhibitors of adenosine metabolism. Inhibition of adenosine deaminase will selectively decrease the production of hypoxanthine resulting from the dephosphorylation of AMP. On the other hand, inhibition of adenosine kinase will increase the production of hypoxanthine if recycling of adenosine has a significant role. The inhibition of both enzymes should produce accumulation of adenosine. A few studies have assessed the involvement of deamination and dephosphorylation of AMP in the breakdown of erythrocytic ATP induced by various drugs and metabolic inhibitors (9, 10) . The catabolism of the adenine nucleotides under physiologic conditions and its acceleration provoked by lack of glucose (1 1), alkalinization of the medium (12, 13) , and depletion of Pi (14) (15) (16) have, however, not been investigated in this respect, nor has the possibility of a recycling of adenosine been evaluated.
In the present study of human erythrocytes, as in previous work in isolated rat hepatocytes (1, 17, 18) , the pathway of the degradation of the adenine nucleotides was investigated after prior labeling of the adenine nucleotide pool with ['4C]adenine. and reclarified by centrifugation. For separate analysis of the medium and of the red cell content, 0.5 ml of cell suspension was centrifuged through a 0.5-ml layer of silicone into 0.5 ml of ice-cold 10% HC104 as described by Klingenberg and Pfaff(22) with the modifications ofWhelan and Bagnara (23) .
Assessment ofinhibitor requirements. The concentration of dCF required to suppress the activity of adenosine deaminase in intact erythrocytes was determined by the ability to inhibit the conversion of ['4C]adenosine, added to the cell suspension, into inosine and hypoxan- Analytical methods. The concentrations of ATP, ADP, AMP, and IMP were measured by high-pressure anion-exchange chromatography (24) . The radioactivity in the adenine nucleotides was determined after their one-dimensional separation on polyethyleneimine-cellulose thinlayer plates, and that in adenosine, inosine, adenine, and hypoxanthine after chromatography on cellulose thin-layer plates (25) . The concentrations of the latter compounds were calculated from the specific radioactivity of the adenine nucleotides, which remained constant over the duration ofthe experiments. Piwas measured according to Itaya and Ui (26) , lactate according to Gawehn and Bergmeyer (27), 2,3-DPG according to Michal (28) , and fructose 1,6-bisphosphate (F-1,6-DP) and the triose phosphates according to Michal and Beutler (29 (Fig. 2 a) , while ADP increased from 0.15 to 0.40 (Fig. 2 b) and AMP from 0.01 to 0.30 ( Fig. 2 c) over the same time interval. IMP increased only from 0.01 to 0.04 (Fig. 2 d) . There was an approximate 20-fold increase ofthe production ofhypoxanthine as compared to control conditions (Fig. 2 e) , to 100 nmol/h per ml of packed cells in the experiment depicted. Accumulated hypoxanthine accounted quantitatively for the loss of adenine nucleotides. Indeed, after 4 h, when about one-third of the adenine nucleotide pool, or 0.4 ,umol/ml of packed cells was lost (Fig. 2 d) , the concentration ofthe purine base reached -0.08 Mmol/ml in the 1:5 cell suspension. Experiments in which the concentration of glucose was varied from 0.5 to 5 mM demonstrated that the rate ofproduction ofhypoxanthine increased only when glucose had been completely utilized (not illustrated).
The increased rate of catabolism of the adenine nucleotides provoked by lack ofglucose obviously resulted from the 30-fold elevation of the concentration of AMP, which is the substrate of both AMP deaminase and 5'-nucleotidase. The inhibition of adenosine deaminase by 1 uM dCF had several effects on this catabolism. The most important one was a 75% decrease in the rate of production of hypoxanthine, from 100 to -25 nmol/h per ml ofpacked cells (Fig. 2 e) . This indicates that during glucose deprivation, one-fourth of AMP degradation goes through the sequence AMP deaminase/5'-nucleotidase, and three-fourths via the sequence 5'-nucleotidase/adenosine deaminase. Accordingly, the decrease in the production ofhypoxanthine was accompanied by an accumulation of adenosine (Fig. 2 f) . However, this accumulation of adenosine did not account for the decrease in production ofhypoxanthine because the production oftotal purine catabolites was diminished, particularly during the first hour of incubation (Fig. 2 h ). Yet, if both adenosine deaminase and adenosine kinase were inhibited by dCF and ITu together, adenosine accumulated from the beginning of the experiment ( 2f) and the production of total purine catabolites was the same as in the absence of inhibitors (Fig. 2 h) . These findings indicate that in the presence of dCF alone, adenosine was partly rephosphorylated by adenosine kinase, particularly during the first hour of incubation, when the concentration of ATP was still above 0.5 mM (Fig. 2 a) . The reduction in the rate ofproduction of total purine catabolites during this time interval, reaching -50 nmol/h per ml of packed cells, reflects the magnitude of the rate of rephosphorylation of adenosine. Recycling of adenosine in the presence of dCF alone is further corroborated by the noticeable protection of the adenine nucleotide pool under this condition (Fig. 2 d) .
That some recycling of adenosine also occurs in the absence of dCF is indicated by the slight but reproducible effect of ITu alone, to increase hypoxanthine formation by 15-20% (from 100 to 120 nmol/h per ml of packed cells in Fig. 2 e) . The lower rate of recycling in the absence of dCF (20 nmol/h per ml of packed cells, as compared to 50 in the presence of the inhibitor) can be explained by a competition of adenosine deaminase for the metabolism of adenosine by adenosine kinase in the former condition.
Another fact apparent in glucose deprivation is the formation of a small amount of adenine (Fig. 2 g ). It is, however, limited to conditions in which adenosine accumulates. This in agreement with previous observations made by Mills et al. (10) . As discussed by these authors, it is most likely explained by a phosphorolysis of adenosine favored by the elevation of Pi. As shown in Table   I , deprivation of glucose for 2 h resulted in an approximate threefold increase, from 0.9 to 2.4 ,gmol/ml of packed cells, of the concentration of Pi inside the erythrocytes and in a 25% decrease, from 4.2 to 3.1 jumol/ml of packed cells, of that of 2,3-DPG.
In order to localize the site of formation of adenosine in the erythrocytes, experiments were performed with the nucleoside transport inhibitor R-5 1469. The influence of this drug on the intra-and extracellular accumulation of adenosine induced by glucose deprivation in the presence of ITu and dCF is shown in Fig. 3 . Whereas the concentration of adenosine was approximately the same inside and outside the erythrocytes in the control experiment, addition of R-51469 induced a marked accumulation intracellularly, with decreased external concentrations over 3 h. After 1 h of incubation, the concentration of adenosine inside the cells was 21 nmol/ml as compared to 3 nmol/ml in the medium. The other modifications ofthe adenine compounds induced by glucose deprivation, as well as the intra-and extracellular accumulation of hypoxanthine, were not influenced by (Fig.  4 a) . There was a concomitant increase in the concentration of AMP, which reached 0.05 Asmol/ml of packed cells, or approx- imately fivefold its initial value after 1 h, and decreased progressively after 2 h (Fig. 4 c) . The concentration of IMP did not increase above 10 gM (Fig. 4 d) . This decrease in ATP and increase in AMP are currently believed (12, (30) (31) (32) to be caused by an imbalance between the first half of glycolysis which consumes ATP and is accelerated by alkalinization, and the second half which produces ATP. As shown in Table II (Table II) . As in glucose deprivation, the rise in AMP concentration was accompanied by a loss of the total adenine nucleotide pool reaching 0.2 ,mol/ml of packed cells after 4 h (Fig. 4 d) . This loss was quantitatively recovered under the form of nearly 0.04 ,gmol of hypoxanthine per ml of cell suspension (Fig. 4 e) . The rate of formation of hypoxanthine was elevated 10-15-fold as compared to cells incubated in 25 mM NaHCO3, to 50 nmol/ h per ml of packed cells in the experiment shown.
As in the preceding section, the two inhibitors, dCF and ITu, were used in order to clarify the pathway by which the conversion of adenine nucleotides to hypoxanthine proceeded during alkalinization. In sharp contrast with what had been observed in glucose deprivation, dCF alone had no effect on this conversion (Fig. 4 e) . This rules out the participation ofadenosine deaminase in the formation of hypoxanthine, which therefore proceeds exclusively by way of AMP deaminase. However, as in glucose deprivation, ITu alone increased the production ofhypoxanthine by 20 nmol/h per ml of packed cells (Fig. 4 e) . This increase was suppressed if dCF was added together with ITu, and replaced by an equivalent production of adenosine (Fig. 4 J) . These observations indicate that in the absence of adenosine kinase inhibition, adenosine was actually formed from AMP by 5'-nucleotidase at the rate of 20 nmol/h per ml of packed cells, but completely rephosphorylated by adenosine kinase, with no conversion to hypoxanthine. In accordance with the low Pi content of erythrocytes, no adenine was formed when adenosine accumulated (Fig. 4 g ). Influence ofthe concentration of)Pi in the incubation medium. Pi is a known inhibitor of both AMP deaminase (3, 5, 6, 33) and cytoplasmic 5'-nucleotidase (34, 35) of various origins. The observations that the concentration of Pi in the erythrocytes was increased in glucose deprivation and decreased after alkalinization, prompted a study of the effects of variations of Pi in the extracellular medium on the production of hypoxanthine. To distinguish between the effects of Pi on 5'-nucleotidase and on AMP deaminase, experiments were also performed in the presence of dCF and ITu together. In this condition, the production of adenosine reflects the activity of 5'-nucleotidase and the residual formation of hypoxanthine that of AMP deaminase.
As shown in Fig. 5 were not modified, but in the absence of extracellular Pi a small accumulation of adenosine, to 3 nmol/ml of packed cell suspension, could be evidenced (Fig. 5 d) . This indicates that cytoplasmic 5'-nucleotidase acting on AMP became slightly active under this condition. Determination of the intracellular concentration of Pi (Fig. 5 g) showed that it had been decreased from 1 to 0.6 ,umol/ml of cell suspension by preincubation in the absence of Pi, had been elevated threefold by incubation in the presence of 10 mM Pi, and continued to increase over the duration of the experiment in the latter condition.
As shown in Fig. 5 b, the high rate (-100 nmol/h per ml of packed cells) of hypoxanthine production induced by the suppression of glucose (a condition in which intracellular Pi is elevated approximately threefold) was markedly less influenced by modifications of the concentration of Pi in the incubation medium. Withdrawal of Pi had very little effect on the rate of production of hypoxanthine, and incubation in 10 mM Pi only resulted in a 40% reduction ofthe formation of the purine base. The effects on the already large production of adenosine (-80 nmol/h per ml of packed cells) recorded upon addition of dCF and ITu were similarly small (Fig. 5 e) . In contrast, the residual rate of formation of hypoxanthine measured under this condition (-15 nmol/h per ml of packed cells) and believed to occur via AMP deaminase, was approximately doubled in the absence of Pi and reduced by -75% in the presence of 10 mM Pi (Fig. 5  b) . At the three levels of extracellular Pi, approximately parallel increases in the intracellular concentration of this ion were recorded (Fig. 5 h) . The loss of the adenine nucleotides was not modified by the suppression of Pi, but, as expected from the decreased formation of hypoxanthine, was slightly reduced at 10 mM Pi (results not shown).
At alkaline pH (a condition that lowers intracellular Pi) as in physiologic conditions, modifications of the extracellular concentration of Pi markedly influenced the catabolism of the erythrocytic adenine nucleotides (Fig. 5, right panels) . In the absence of Pi, for reasons explained below, the formation of hypoxanthine was accompanied by a nearly equivalent production of inosine so that the rate ofproduction ofpurine catabolites was doubled, from 100 to 200 nmol/h per ml of packed cells (Fig. 5 c) . In the presence of 10 mM Pi, the production of hypoxanthine decreased by >80%. These effects were observed in the absence as well as in the presence of dCF and ITu. The limited accumulation of adenosine, to -10 nmol/ml ofcell suspension, recorded under the latter condition was also increased two-to threefold by removal of Pi, and nearly suppressed by its elevation to 10 mM (Fig. 5 f) . A decrease of similar magnitude of the intracellular concentration of Pi (-0.5 gmol/ml of packed cells) was noted during the first hour of incubation at the three levels ofextracellular Pi (Fig. 5 i) . Decreased Our studies also provide an insight in the regulation of both AMP-degrading enzymes inside the human erythrocyte. The activity of the cytoplasmic 5'-nucleotidase is reflected by the accumulation of adenosine in the presence of dCF and ITu together. As shown in Fig. 5 , the 5'-nucleotidase is strongly dependent upon the concentration of AMP: the rates of accumulation of adenosine, recorded under glucose deprivation (Fig. 5 e) a situation in which AMP increases 30-fold, are several fold higher than in alkalinization (Fig. 5 J) , during which AMP increases only fivefold. As apparent from the influence of modifications of extracellular Pi on the production of adenosine, the 5'-nucleotidase is inhibited by Pi. Yet this inhibitory effect is markedly dependent on the concentration of AMP: at the high concentrations of AMP provoked by glucose deprivation, modifications of Pi have little influence on the accumulation of adenosine (Fig. 5 e) , but at the lower AMP concentrations recorded under physiologic conditions and during alkalinization, a change in Pi, particularly its suppression, has a noticeable effect (Fig. 5   d and] ). A precise evaluation of the respective contributions of the changes in AMP and Pi on the activity of the cytoplasmic 5'-nucleotidase will require studies on the purified enzyme. In addition, in intact erythrocytes incubated with glucose, the concentrations of AMP and Pi cannot be varied totally independently from each other, because modifications of extracellular Pi are accompanied by parallel changes in the rate of glycolysis (37, 38) resulting in opposite changes in the concentration of AMP.
The activity of AMP deaminase is reflected by the residual formation of hypoxanthine in the presence of dCF and ITu together. As evidenced by the 10-fold higher rates of production of hypoxanthine recorded at the three concentrations of Pi at alkaline (Fig. 5 c) as compared to physiologic pH (Fig. 5 a) , the enzymic activity is also dependent upon the concentration of AMP. However, the much lower residual rates of production of hypoxanthine under glucose deprivation (Fig. 5 b) , when AMP is sixfold higher than in alkalinization, indicate that the concentration of AMP is not the only determinant of the activity of AMP deaminase. Erythrocytic AMP deaminase is known to be inhibited by 2,3-DPG and Pi (3) (4) (5) (6) . Variations in the concentration of 2,3-DPG do not seem to play a major role in the catabolic conditions that were investigated. Indeed, 2,3-DPG was not modified at alkaline pH and although 2,3-DPG decreased by 25% in glucose deprivation, the residual production of hypoxanthine was severalfold lower under the latter condition than at alkaline pH. Because a major difference between glucose deprivation and alkalinization is a threefold increase in intracellular Pi in the first condition and a 50% decrease in the second one, Pi appears the most important effector of AMP deaminase. Because the production of hypoxanthine in the presence of dCF and ITu together in the absence of glucose was more dependent on the concentration of Pi than that ofadenosine, we may deduce that AMP deaminase is more sensitive to Pi than the 5'-nucleotidase. Our results also indicate that the depletion of erythrocytic ATP reported in hypophosphatemic patients (14) and dogs (16) and the increase in red cell ATP prevailing in hyperphosphatemic uremic subjects (15) are, at least in part, due to modifications of the physiologic inhibition of AMP deaminase.
A substrate cycle between AMP and adenosine is known to operate in isolated rat hepatocytes under basal conditions, with a velocity that reaches about twice the rate of production of allantoin, the terminal purine catabolite in these cells (1) . The two constitutive enzymes of the cycle, cytoplasmic 5'-nucleotidase and adenosine kinase, are also present in human erythrocytes. However, we have found no evidence that the cycle operates in these cells under normal conditions. Nevertheless, we have shown that some adenosine is formed and rephosphorylated when the concentration ofAMP is increased, i.e., during glucose deprivation and alkalinization. During glucose deprivation, a condition characterized by a 30-fold elevation ofAMP, a marked depletion of ATP, and a fast rate of production of adenosine (70-80 nmol/h per ml of packed cells), only -25% of this production is recycled to AMP by adenosine kinase in the absence of dCF. This is indicated by the effect of ITu alone to increase the production of hypoxanthine by 20 nmol/h per ml of packed cells. During alkalinization, a situation characterized by a less pronounced elevation ofAMP and depletion ofATP, adenosine is produced at the rate of only 20-25 nmol/h per ml of packed cells and can be completely rephosphorylated. Recycling of adenosine can thus be considered a mechanism to protect the erythrocytic adenine nucleotide pool against degradation. Its efficiency is, however, limited since it can only keep pace with 10-15% of the rate of catabolism provoked by glucose dqprivation, and with -30% of that induced by alkalinization. As evidenced by the small accumulation of adenosine in the presence ofdCF and ITu (Fig. 5 d) , some recycling ofthe nucleotide also occurs in phosphate-free medium at physiologic pH in the presence of glucose.
Taken together our results demonstrate the existence of two alternative reactions for the initial degradation ofAMP in human erythrocytes, i.e., deamination and dephosphorylation. Deamination appears more sensitive to Pi, whereas dephosphorylation is mainly responsive to variations of AMP. Recycling of adenosine does not occur under physiologic conditions, but can be evidenced when AMP catabolism is induced by glucose deprivation or by alkalinization.
